A new type of olivine fabric was found by high-strain simple-shear deformation experiments in the presence of trace amounts of water at ϳ0.5-2.2 GPa and ϳ1470-1570 K. In this fabric, called E-type fabric, the olivine [100] axis is subparallel to the shear direction, and the (001) plane is parallel to the shear plane; this geometry suggests that the [100](001) slip system makes the dominant contribution to total strain. This fabric is dominant at a modest water content, 200 Ͻ C OH Ͻ 1000 H/10 6 Si at low stresses and high temperatures. Some mylonites from peridotite massifs show this type of olivine fabric, which suggests the presence of water during the shear localization. The seismic anisotropy caused by this fabric is qualitatively similar to that by dry fabric (A type), but the magnitudes of anisotropy are different between the two types: for horizontal flow, the amplitude of V SH /V SV anisotropy is weaker, but the amplitude of shear-wave splitting is stronger for the E-type fabric than for the A-type dry fabric. Seismic anisotropy in the oceanic upper mantle may be due to the olivine E-type fabric.
INTRODUCTION
The relationship between lattice-preferred orientation (LPO) and flow geometry has important applications for the interpretation of seismic anisotropy and the mechanisms of shear localization. The classic study by Carter and Avé Lallemant (1970) showed that olivine deformation fabrics, which are controlled by dominant slip systems, depend on the physical condition of deformation, particularly the strain rate (stress magnitude) and temperature. Jung and Karato (2001a) extended this work and found that in addition to these physical variables, water has important effects on olivine fabric; they reported two new types of fabrics called B-and C-type fabrics. In these fabrics, the olivine [001] axis is subparallel to the shear direction, the (010) plane is subparallel to the shear plane (B type), and the (100) plane is subparallel to the shear plane (C type). We have conducted new deformation experiments to define the boundaries between the different fabrics and discovered a new type of olivine fabric developed under conditions of modest water content, which we call E-type fabric. In this fabric, the olivine [100] axis is subparallel to the shear direction, and the (001) plane is parallel to the shear plane; this geometry suggests that the [100](001) is the dominant slip system. Here we report characteristics of this new olivine fabric and discuss its implications for seismic anisotropy and the shear localization in naturally deformed peridotites.
EXPERIMENTAL TECHNIQUE
We conducted deformation experiments in simple-shear geometry at temperatures of 1470-1570 K and pressures of 0.5-2.2 GPa by using a solid-medium apparatus (Griggs type). We used San Carlos olivine single crystals oriented [100] parallel to the shear direction and [001] normal to the shear plane, or hot-pressed olivine aggregates as starting materials. An olivine sample was sandwiched between alumina pistons, cut at 45Њ from the maximum compression direction, and was surrounded by a mixture of talc and brucite that acted as a water source (Fig. 1) . Pressure was first raised to a desired value, and then temperature was increased at a rate of ϳ30 K/min, which was monitored by using Pt/Rh thermocouples inserted into the cell assembly. After the temperature was stabilized, a piston was advanced at a constant rate. To produce modest water content, two alternative methods were used: (1) by adding silica to the talc and brucite mixture to decrease the mixture's melting temperature, the water released is mostly partitioned to the melt layer, or (2) by doing experiments at lower pressure (ϳ0.5 GPa) at which the water solubility in olivine is signif- Karato and Jung (2003) . † Water content of olivine crystals was measured by Fourier transform infrared (FTIR) spectroscopy using a calibration of Paterson (1982) . § Starting material was hot-pressed olivine aggregates. Single-crystal olivine was used for the other experiments.
#
[100] maximum in these samples is significantly deviated from the shear direction (refer to open symbols in Fig. 4) . icantly lower . After the experiments, the olivine samples were analyzed by Fourier transform infrared spectroscopy to quantify the water content. Water contents presented here were determined by the Paterson (1982) calibration. If the Bell et al. (2003) calibration is used, the results should be multiplied by a factor of ϳ3.5. Shear strain was measured by the rotation of a platinum strain marker, which was initially oriented perpendicular to the shear direction. Solidmedium apparatus has a large friction component in the external load cell; therefore we used the dislocation density of deformed samples to infer the stress magnitude (Jung and Karato, 2001b; Karato and Jung, 2003) . The microstructure and fabric of olivine samples were investigated by a scanning electron microscope equipped with an electron-backscatter diffraction system.
RESULTS AND DISCUSSION
The results of experiments are summarized in Table 1 . The samples were deformed, in approximately simple-shear geometry, to strains as high as ␥ ϭ ϳ6. Even in cases where the starting material was a single crystal olivine, the recovered samples were totally recrystallized ( Fig. 2A) . The grains are characterized by mostly equal axes at relatively low strain, but show a slightly elongated grain shape at higher strain. The grain size varies from 10 to 37 m, which shows a good correlation with the differential stress of deformed samples. We measured the water contents of the deformed samples and found that they contain 210-800 H/10 6 Si. The dislocations in the deformed olivine grains mostly have linear morphology (Figs. 2A, 2B) ; subboundaries are rare. However, in some grains we observe well-defined tilt boundaries ( Figure 3 shows the lattice-preferred orientation of the deformed olivine aggregates. In all cases the fabric is characterized by the [100] axis subparallel to the shear direction and the (001) plane subparallel to the shear plane, although the intensity of the fabric is substantially stronger when a single crystal was used as a starting material. We used single crystals of the same orientation in other experiments and obtained completely different fabrics (B type, C type) under different water content and stress conditions. Consequently, we conclude that although the orientation of the starting single crystal has some effects on fabric strength, the initial orientation does not change the geometry of the fabrics. This result is distinct from previously reported olivine fabrics from experimental studies. In the earlier-reported fabrics under dry conditions, the [100] axis is subparallel to the shear direction, and the (010) plane (A type) or the {0kl} plane (D type) is subparallel to the shear plane (Zhang and Karato, 1995; Bystricky et al., 2000) . In the earlier-reported fabrics under water-rich conditions, the [001] axis is subparallel to the shear direction, and the (010) plane (B type) or the (100) plane (C type) is subparallel to the shear plane (Jung and Karato, 2001a) . This new olivine fabric we call E type.
In the E-type fabric, the [100] peak is nearly parallel to the shear direction, but, in samples with higher water content close to the transition between E and C types, the orientation maximum is significantly deviated from the shear direction. This deviation is probably due to the concurrent operation of the [001](100) slip system (C-type fabric), which is also suggested by the dislocation microstructures of the deformed olivine crystals (Fig. 2) . In the dry fabric (A type), the [100] maximum is nearly parallel to the strain ellipsoids at lower strain and rotates toward the shear direction at large strains (Zhang and Karato, 1995) . However, in the E-type fabric, the [100] peak is not parallel to the strain ellipsoids, which appears on the opposite side of the trace of the shear plane (Fig. 3) . When a finite-strain ellipsoid is used as a reference frame for pole figures, then the relationship between the sense of shear and the position of peaks is similar between the A and E types. However, when the shear plane or shear direction is used as a reference frame (as in Fig. 3 ), then the relationship between the sense of shear and the position of poles is different between the two types of fabrics. Consequently, care must be used in inferring the sense of shear from the olivine fabrics.
The observed transition from A-type to Etype fabric is consistent with the results of an earlier study by Mackwell et al. (1985) in which the strength of olivine with the [101] c orientation becomes comparable to that of the [110] c when olivine is saturated with water at 300 MPa (Karato, 1995) . This change indi- Note: The C ij (in GPa) was calculated from olivine aggregates (GA25) at 5 GPa and 1573 K. Pressure and temperature derivatives of the olivine C ij values were taken from Abramson et al. (1997) and Isaak (1992) , respectively. Reference axes defined as follows: 1-shear direction, 3-shear-plane normal, and 2-perpendicular to both 1 and 3 directions.
cates that deformation due to the [100](001) slip system is enhanced by water more than deformation by the [100](010) slip system and that the strength of these slip systems is comparable at the water content corresponding to the confining pressure of 300 MPa (ϳ200 H/ 10 6 Si). Consequently, at higher water contents, the [100](001) slip system is likely to be easier than the [100](010) slip system, and hence the E-type fabric would dominate. This prediction is exactly what was found in this study. At higher water contents, yet another slip system, the [001](100) slip system, becomes easier and controls the fabric (C-type fabric). E-type fabric is therefore a dominant fabric at water contents of 200 Ͻ C OH Ͻ 1000 H/10 6 Si (Fig. 4) . At higher stress, the [001](010) slip system becomes the dominant slip system (B type) at variable water contents (Jung and Karato, 2001a) . Hence the E-type fabric is dominant at relatively lower stress, modest water contents, and high temperatures.
Most olivines from naturally deformed peridotites, including mantle xenoliths, show Atype dry fabric (e.g., Ben Ismail and Mainprice, 1998) . However, B-and C-type wet fabrics have also been reported from some peridotites, particularly in plate-convergent regions where high water content is expected (e.g., Möckel, 1969; Frese et al., 2003; Mizukami et al., 2004) . In addition, E-type fabric has also been documented in mylonites from the Bay of Islands ophiolite complex, Newfoundland (Mercier, 1985) , and the Horoman peridotite complex, Japan (Sawaguchi, 2004) . These mylonites are considered to have been formed during the emplacement of the peridotite massif into the crustal depths. The Etype fabric in such deformed peridotites suggests that aqueous fluids infiltrated and modified the olivine fabric during the shear localization. Similarly, Mehl et al. (2003) also reported E-type fabric from the Talkeetna arc complex in central Alaska and inferred a relatively high H 2 O activity in the arc-subduction setting.
Elastic constants corresponding to E-type fabric (Table 2) were calculated from olivine polycrystal aggregates by using a VoigtReuss-Hill average. Seismological signatures of E-type fabric were computed by using the olivine elastic constants and are qualitatively similar to the characteristics of those of Atype fabric. The fast-propagation direction (azimuthal anisotropy) and polarization of the faster S-wave are subparallel to the shear direction, and the horizontal shear causes V SH Ͼ V SV (vertical: V SH Ͻ V SV ) polarization anisotropy. However, the magnitudes of azimuthal anisotropy and shear-wave splitting for E-type fabric are apparently larger than those due to A-type fabric, and the V SH /V SV ratio (horizontal shear) is somewhat smaller. Seismic anisotropy in the oceanic mantle shows that the fast-propagation direction is nearly parallel to plate motion (e.g., Tanimoto and Anderson, 1984) . This observation has been interpreted as indicating the presence of the olivine dry fabric (A type), in which the olivine [100] axis is subparallel to the flow direction and the olivine (010) plane is subparallel to the horizontal plane (e.g., Nicolas and Christensen, 1987) . However, oceanic upper mantle is expected to contain a trace amount of water (ϳ800 H/10 6 Si; Hirth and Kohlstedt, 1996) ; hence the olivine deformation may be dominated by E-type fabric, rather than Atype dry fabric. Similar interpretation has also been proposed by natural E-type fabric in the Talkeetna arc complex (Mehl et al., 2003) . Although the orientation of the fast-propagation direction alone cannot distinguish A-and Etype fabrics, the magnitudes of azimuthal and polarization anisotropies could help to infer the fabric in the oceanic upper mantle.
